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Figure 7.1. Improper discharge-measurement technique.

CHAPTER 7: DISCHARGE-MEASUREMENT
PROCEDURE

In this chapter we will discuss procedures for
making discharge measurements (fig. 1) utilizing the
ADCP and the Transect software. The following topics
will be discussed in detail:

*Cross-section reconnaissance
*Premeasurement checkout
*Boat-maneuvering techniques

*Transect software tips and tricks during the
discharge measurement

«Alternate discharge-measurement techniques
for low-flow conditions

*What constitutes a “good” discharge
measurement

*Recent Transect software enhancements

Cross-Section Reconnaissance

Figure 7.2 shows a 91-m- (300-ft-) wide stream
with tidally affected flows having a roughly trapezoidal
cross section with average depths of 4.5-6 m
(1520 ft). This cross section on Dutch Slough near
Oakley, California, is typical of rivers in the northern
California Sacramento/San Joaquin River Delta. Proper
cross-section reconnaissance is vital to the precision
and accuracy of ADCP discharge measurements. The
measurement vessel depth sounder or the ADCP depth-
range measurements are useful tools in determining the
usability of the cross section for ADCP discharge
measurements.

Figure 7.2. Discharge-measurement cross section on Dutch Slough
near Oakely, California.

In general, the ADCP operator should look for a
cross section with a roughly parabolic, trapezoidal, or
rectangular shape, having an average depth of at least
1.5 m (5 ft). The measurement sometimes can be made
at locations having less depth, if water modes 5 or 8 are
employed (chap. 3).

Cross sections with asymmetrical bottom
topographies should be avoided, if possible. For
example, the operator should avoid a measurement
cross section that is very shallow on one side and deep
on the other.

Average water velocity also is an important factor
in choosing a measurement cross section. Cross
sections exhibiting slow [less than 10 cm/s (0.30 ft/s)]
average velocities should be avoided. Although
measurements can be made under these conditions,
special techniques must be employed (discussed later in
this chapter).

Premeasurement Checkout

After the boat is launched and the ADCP
equipment is set up, care should be taken to obtain an
accurate transducer depth measurement.

If a side-swing mount is used, the weight of the
operator(s) can cause an unwanted pitch of the ADCP
vessel (fig. 7.3). This pitch angle may cause an
erroneous reading of the ADCP depth. For example,
when the operator moves to the side of the vessel to
measure transducer depth, the vessel pitches to that side
because of the operator’s shifted weight. The operator
notes the depth of the ADCP below water surface, and
then returns to his normal position in the vessel causing
the vessels pitch to return to the original value. This
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Figure 7.3. Broad-band acoustic Doppler current profiler mount
being deployed vertically.

recorded depth measurement will be incorrect. Because
the transducer depth measurement is used in the
Transect software to compute discharge, the error in
ADCP depth sometimes can cause a significant bias of
the ADCP discharge measurement. This is true
especially for wide, shallow rivers.

Before the discharge measurement begins, the
operator should note any conditions relevant to the
discharge measurement on the discharge-measurement
log sheet (fig. 7.4). Wind, bidirectional flow, eddies,
standing waves, passing boats, and sediment conditions
are just some of the things that should be noted for later
analysis of the discharge measurements.

Before a discharge measurement begins, the
operator should complete the following tasks:

*Meet all DOI boat-safety requirements and
make sure all required life jackets, throwable
devices, fire extinguishers, and horns are in
good working condition aboard the ADCP
vessel.

*Determine the “unpitched” transducer depth and
enter it on the log sheet and in the configuration
file.

«Perform a PT200 diagnostic test using
BB-TALK or other terminal emulator software.
Save the test results to an ASCII file placed in
the deployment directory.

«Synchronize the computer, ADCP, and operator
watch times.

*Perform a short reconnaissance of the cross
section to determine shallow areas and the shape
of the cross section so that unmeasured areas
near the bank can be characterized. If the cross
section is unsuitable for any reason (too shallow

Figure 7.4. Discharge-measurement log sheet/note.

in places, for example), select another
measurement cross section.

*If buoys are used to aid the estimation of edge
distances, they should be deployed and the
distance to shore from each buoy should be
measured and noted on the discharge-
measurement log sheet.

*If range finders are used to determine edge
distances, they should be checked for proper
calibration.

*Record weather, hydrological, and other
physical phenomena pertinent to the discharge
measurement on the discharge-measurement
note.

*Make sure that the right configuration file has
been loaded properly into the Transect software.

*Make sure that the power supply has been turned
on and the ADCP has been “awoken.”

Boat-Maneuvering Techniques

Boat-maneuvering techniques for discharge
measurements when using the ADCP and the Transect
software do not require the precision once needed for
conventional moving-boat discharge measurements.
However, there are some basic maneuvers that improve
accuracy and allow smooth transitions between
measurements.

Starting the Cross-Section Traverse

For a typical measurement, the operator must
maneuver the boat close to, and parallel with, the
riverbank (fig. 7.5). The boat should be maneuvered in
as close as possible to the bank without grounding
(bottoming out) the boat motor propeller or the
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Figure 7.5. Acoustic Doppler current profiler vessel at the
beginning of a discharge measurement.

BB-ADCP transducer assembly. Performing this
maneuver takes practice.

While the boat is somewhat stationary, the
operator should start the Transect software and set the
Acquire display to tabular velocity mode (initial
setting). The tabular mode setting is optional as the
Transect software will collect data in any display mode.
However, the tabular mode enables the operator to
determine if there is an adequate number of depth cells
(having good discharge) before starting the
measurement traverse. This capability provides the
greatest advantage over the other display modes,
especially when starting and ending the discharge
measurement.

At this point, the operator is beginning the
discharge measurement and must accomplish several
tasks quickly:

*The distance to shore must be estimated by
some means and recorded.

*The operator must turn the ADCP data
recording off by pressing the F5 key and must
start the ADCP pinging by pressing the F4 key.

*While looking at the tabular display, the
operator must verify that the ADCP is collecting
at least two good bins of velocity data.

*When the operator is satisfied that accurate data
are being collected and the boat is in the correct
position to start the discharge measurement, he
must press the F5 key to begin recording and
wait until two good ensembles have been
collected. During this period (about 5 s), the
boat should be barely moving toward center
channel.

Figure 7.6. Acoustic Doppler current profiler vessel near center
channel.

During the Cross-Section Traverse (Transect Tips
and Tricks)

When the Transect software begins collecting
data, the operator should verify that there is an “ADCP
PINGING” message near the upper right of the monitor
display and that a transect recording file is opened (file
name visible at the lower right of the Transect software
screen). At this time the boat should have just begun
traversing the river cross section. The operator must
quickly scan the initial ensemble display to determine if
everything is operating correctly. Signs of improper
operation are flagged “bad” in all columns and rows or
“bad” in all rows of an individual column. The display
columns correspond to north velocity, east velocity,
vertical velocity, error velocity, and percent good. If the
incoming data appear correct, the operator should
continue the transect with the same course and a
slightly increased speed (approximately that of the
water or slightly less). As the boat enters faster flow,
engine revolutions per minute (rpm) and boat heading
may have to be adjusted slightly to enable a smooth
traverse (fig. 7.6).

Uniform boat speed during a transect is more
important than steering a straight course. The course
may be allowed to change slightly and slowly, if
necessary, during the traverse. However, rapid course
and boat heading changes can introduce errors into the
measurement. The key element here is to DO
EVERYTHING SLOWLY, including course changes,
the speed of the vessel itself, and even the speed of
persons moving around onboard the measurement
vessel. Sharp accelerations of the measurement vessel
in any direction should be minimized or eliminated.
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Ending the Cross-Section Traverse

As the vessel approaches the opposite edge of the
measuring section, the boat should be slowed by slowly
changing the heading to a more upstream direction and
slowing the boat motor. The boat then can creep (crab)
toward the bank. When the operator decides that the
approach cannot be continued further, an edge value is
determined, and the F5 key is pressed to end the
transect.

At the end of a cross-section traverse (fig. 7.7),
the boat heading is changed just enough so that the boat
stops its bankward movement and begins to slowly
creep in the direction of center channel. At this point,
the operator may press the F5 key again to begin
another transect and obtain a starting distance value.
Slow “crabbing” at the start and finish of each cross
section works better than nosing the boat into the bank
and then backing away. The ADCP should not be
allowed to pass over the boat propeller vortex during
the discharge measurement. Entrained air in the vortex
will cause failure of the BB-ADCP bottom track and
result in lost ensembles.

The operator should practice the above described
technique a few times before an actual transect session
is begun so that you (and the boat operator) can become
accustomed to the flow conditions at this location. The
more practice you have in making these measurements,
the more uniform will be the measurement results.
When maneuvering near the riverbank, you must
remember that making a large heading adjustment
away from the bank (swinging the bow away from the
bank) will bring the stern (and, therefore, the engine
prop and shaft) into contact with the bank or bottom.
This maneuver can produce highly undesirable results.

Figure 7.7. Acoustic Doppler current profiler vessel at the end of a
cross-section traverse.

The boat will crab slowly away from the bank with only
minor adjustments needed in the boat steering.

Alternate Techniques Used During Low-Flow
Conditions

The above described technique works only when
there is sufficient stream velocity to allow the boat to
crab. At very low stream velocities [less than 10 cm/s
(0.33 ft/s)], the boat must be turned VERY SLOWLY to
enable a direct crossing of the stream. In some cases,
the best approach is to raise the engine and pull the boat
slowly (at the stream velocity or less) across the stream
with ropes or a tag-line (fig. 7.8).

The winching system shown in figure 7.8 was
used to measure leakage through control structures in
the USGS Illinois District (Oberg and Schmidt, 1994).
Because the velocities measured were very slow

Figure 7.8. Winching system used to move an acoustic Doppler
current profiler vessel at slow speeds.
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[around 10 cm/s (0.3 ft/s)], the ADCP was winched
slowly across the control structure opening to reduce
the random error in the discharge measurement
(chap. 9).

To gain reasonably accurate measurements in
very slow moving water, special setup commands must
be used to increase the measurement pulse lag times
(chap. 5). The use of these long lag times causes the
ambiguity velocity to be very low. Therefore, the boat
must be moved across the stream ever so slowly (as if
rows of dominoes were balanced on the gunnels).

What Constitutes a “Good” Discharge
Measurement?

The ADCP operator should consult Lipscomb
(1995) for guidelines on discharge-measurement
requirements and documentation procedures. However,
because these instruments are relatively new and
sometimes used for special purposes, common sense
also will dictate the procedures in some cases. General
procedures conforming to the quality-assurance plan
are presented here, but the ADCP operator is cautioned
to observe conditions and to document as much
information as possible during the transect session.
With the advent of electronic instruments used for data
recording, valuable information can sometimes “fall
through the cracks” and may not be missed until the
ADCP operator reviews the data back at the office.

Because a BB-ADCP transect may be made
much faster than a conventional discharge measure-
ment, multiple transects usually are averaged to
increase discharge-measurement accuracy. During
fairly uniform conditions, a group of four or more
transects usually are averaged for a final discharge-
measurement value. If one transect differs significantly
(x5 percent) from the rest, and there is no rationale to
discard it, at least four additional transects should be
obtained and the average recomputed. The average of
these transects can be reported as an individual
discharge measurement and logged on a USGS ADCP
discharge-measurement note (fig. 7.9). The back of the
USGS measurement note has space for 14 transects,
their edge-value estimates, and other pertinent data
(fig. 7.10).

In figure 7.10, the values labeled standard error
(range) and standard error (percent) near the bottom of
the note are critical for measurement results in steady-
flow conditions. For fairly uniform flow conditions, at
least four ADCP discharge measurements should be
made to determine mean and standard-deviation values.
From these data, the standard error, in percent of mean

discharge, should be calculated. The standard error, in
percent of mean discharge, also is known as the
coefficient of variation (CV). The CV is calculated by
dividing the standard deviation (in discharge units) of
the four transect discharges by the mean discharge. If
the CV is larger than 5 percent, additional measure-
ments should be made. A large CV can be an indication
that the ADCP ping rate is too slow, or that the boat
should be slowed during the cross-section traverse to
collect more pings. Outliers or single, bad, transects can
cause a large CV, however, they should not be simply
thrown out without an attempt to discover the reason for
their imprecision. When in doubt, it is always advisable
to collect additional transects.

For measurements of net flow in tidally affected
estuaries and rivers, many discharge measurements
may have to be made (more than can be logged on the
example ADCP discharge-measurement form).

Figure 7.11 shows a series of transects made at a tidally
affected gaging station on a tributary of the San Joaquin
River.

In these cases, a discharge-measurement log
sheet (fig. 7.12) may be used with pertinent data logged
on a discharge-measurement note (fig. 7.9) that is
attached to the log sheet. This log sheet is used by the
USGS California District. Standard-deviation
calculations for tidally effected discharge measure-
ments are meaningless unless the “true mean”
discharge can be calculated. Because of the difficulty in
calculating the coefficient of variation for tidally
effected discharge (or any dynamically changing
discharge), its inclusion on the discharge-measurement
note example (fig. 7.9) is of questionable significance.

Where tides or discharge conditions are changing
rapidly, the operator may not wish to average transects
and, in these cases, a single transect constitutes a
discharge measurement. In most cases, many
measurements will be required to have as much
coverage as possible of the dynamic flow time series.
Single measurements should be logged on a BB-ADCP
discharge-measurement note (fig. 7.9) and if many are
made, they should be logged on a discharge-
measurement log sheet (fig. 7.12) with an attached
USGS discharge-measurement note. Again, standard-
deviation calculations or coefficient of variation
calculations, in these cases, are of questionable value.

Archival of Acoustic Doppler Current Profiler
Discharge-Measurement Data

Transect software data files should be placed on
archival media in the following form:
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Figure 7.9. Example of an acoustic Doppler current profiler (ADCP) discharge-measurement note (front).
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«Site deployment directory name NNNN (where
NNNN is the four-letter site designator)

*Set of transect raw data files
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where XX is the last transect number in the

series,

*Transect session *.CFG file NNNN.CFG
*Transect session documentation file

NNNN.DOC

The operator must create an ASCI| file, using a
text editor, to be archived with each set of Transect data.
This electronic NNNN.DOC file is needed to preserve
Transect edge-value estimates and other site-specific
information in the event that hard copies of log sheets
are lost or misplaced. This DOC file must be drafted as
soon as possible after the completion of the Transect
session and stored in the Transect session directory. At
a minimum, the file should contain the following

information:
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Figure 7.10. Example of an acoustic Doppler current profiler discharge-measurement note (back).

«Site location
*Date, start time, and end time
*Names of measurement staff

*Description of measurement vessel and
equipment

*Transducer depth (depth from water surface to
the center of the transducer assembly faces)

*BB-ADCP serial number and firmware-revision
number

*An electronic copy of the measurement log,
which is helpful for reconstituting ADCP
discharge measurements. The log copy should
include: start time; Transect file name; start-
edge estimate; end-edge estimate; discharge;
and remarks about site conditions, including
indication of eddies or reverse flow at bank
edges; and remarks about passing boat traffic
and wind conditions (pitch and roll)

*Any pertinent information about instrument
setup or changes to the setup during the Transect
session

These data should be archived to safe media as

soon as possible following a Transect session. Safe
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Figure 7.11. Discharge-measurement data from a tidally affected
gaging station on a tributary of the San Joaquin River.

media may consist of a compact disk, read-only-
memory (CD-ROM), optical media (30-year), or a disk
drive on a computer system that is backed up regularly.
The computer hard disk of the laptop used for data
collection is not considered “safe media.”

Summary

A smooth bank-to-bank transect technique is
essential for accurate discharge measurements. The
operator always should remember that slow, smooth
boat movements are desirable.

For steady-state flows, at least four transects
should be made and the results averaged to calculate a

“discharge measurement.” If one measurement is more
than 5 percent from the mean, four additional transects
should be collected and averaged. A CV should be
calculated from the discharge-measurement series by
dividing the standard deviation, in units of discharge, by
the mean of the series. If the CV is greater than

5 percent, the ping rate should be increased or the boat
slowed during the transect to collect more pings per
transect. Additional transects should be made until a
series of four is obtained having a CV of less than

5 percent.

For discharge measurements made in tidally
affected rivers and estuaries, the CV value and standard
deviations cannot be computed easily and, therefore,
are not used. However, comparison and common sense
sometimes can detect inaccurate transect discharges. In
these cases, a single transect can be used as a discharge
measurement, although many measurements usually
are made during a discharge-measurement session to
define the dynamic flow conditions.

Suitable log sheets and discharge-measurement
notes must accompany the discharge-measurement
series. The operator should store a copy of the
configuration file that is used for the series in the
Transect software deployment directory with a
documentation file containing edge values and other
pertinent information (described above). A documenta-
tion file should be stored with the Transect software
data files describing stream conditions and pertinent
information not collected by the Transect software.

All Transect data files and accompanying
configuration and documentation files should be
archived to “safe” media as soon as possible after the
measurements are made. Although paper-copy records
can be kept for records computation, acoustic Doppler
current profiler discharge-measurement archives should
be such that the discharge measurements could be
wholly recreated from data stored on electronic media.
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Figure 7.12. Discharge-measurement log sheet. ADCP, acoustic Doppler current profiler.
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CHAPTER 8: DISCHARGE-MEASUREMENT
REVIEW AND ASSESSMENT

Individual transects should be checked for
discharge-measurement errors and inconsistencies as
soon as possible after collecting the discharge-
measurement series. In most cases, this examination is
done at the office or in a motel suite, but it can be done
at the measurement site. The data are examined by
using the Transect software to reconstruct the
measurement from the stored raw data and
configuration files. This is termed “playing back” the
discharge measurement. During playback, the edge
discharges also can be estimated, and the power-curve
(or other) estimation scheme used near the top and
bottom of the profile can be examined for correctness
and changed, if necessary.

Proper review and assessment of ADCP
discharge measurements is almost as important as the
techniques and instrument setup used to collect the
original data. Improper instrument setup and faulty
measurement techniques can be revealed during post
processing and, in some cases, corrections can be made
to improve discharge-measurement accuracy.

Review of ADCP discharge measurements
should include the following steps.

«Configuration file review with focus on the
applicability of the following sections to river
conditions:

ADCP hardware setup
ADCP direct commands
ADCP calibration constants
*Transect software playback with focus on the
following subjects:

Missing data ensembles

Possible bottom-sediment movement

Magnitudes of discharge in the
unmeasured (estimated) parts of the
cross-section near the top and bottom
of the profile

Technique used for low-velocity
[< 10 cm/s (0.33 ft/s)] measurements

Power-curve-fit applicability

Reasonableness of edge values

Shiptrack examination

These assessment procedures are discussed in the
following paragraphs.

Configuration-File Review

The first thing that should be checked is the
applicability of the configuration file to the data file and
to river conditions. The ADCP discharge-measurement

notes should indicate the location of the configuration
file used for the discharge-measurement series or
contain a listing of the file.

River Conditions

The configuration file should be examined in a
text editor to determine if the proper setup and
configuration commands were used for the stream or
river being measured. All sections should be checked,
but the most important are the ADCP hardware, the
direct command, and the calibration sections:

Acoustic Doppler Current Profiler Hardware

*First examine the ADCP Hardware section of

the configuration file.

(example)

ADCP HARDWARE

{

Fi r mnar e

Angl e (20)

Frequency (1200)

Syst em ( BEAM

Mode (4)

Oientation ( DOMN)

Patt ern ( CONCAVE)

}

Avre these entries compatible with the ADCP used
to make the discharge measurements? Is the proper
mode being used for the river or stream in question?

(5. 45)

Acoustic Doppler Current Profiler Direct Commands

*Next examine the Direct Commands section of
the configuration file.

(example)

DI RECT COMVANDS

{

W525
WF50
BX200
VWNO60
WD111100000
WP00001
BPOO1
WL

BMG

ESO
WEO0450

Is the blanking distance (WF) adequate for the
transducer frequency? Is the bin size (WS) proper for
the transducer frequency? Are enough depth bins
specified (WN) to cover the range of depth measured?
A few playback profiles may have to be examined
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before this question is answered. Is the bottom track
maximum depth (BX) greater than the maximum
stream depth? If BX is less than the maximum depth,
there will be missing ensembles. Are the bottom and
water modes (BM,WM) specified correct for the
measurement application? Is an ESO (salinity of zero)
command present?

Calibration Section

*Finally, examine the calibration section.
(example)

CALI BRATI ON

{

ADCP depth (.40 m

Headi ng/ Magnetic of fset (0.00
0. 00°)
Transducer m salignnment (0.00°)
Intensity scale [0.43 decibels (
dB) per count)]
Absorption (0.440 dB/' m
Salinity [0.0 parts per thousand

(ppt)]
Speed of sound correction (YES)

Pitch and roll conpensation (YES)
Tilt Msalignnent (0.00°)
Pitch O fset (0.000°)
Rol | _Offset (0.000°)
Top di scharge estinmate (POAER)
Bott om di scharge estinate

( POVER)
Power curve exponent (0.16670)

Lo Wioscs i taa

Enornnonts River — nCP Clozz —— Ootobhor 1995

urm b
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sjectad Z40.0 dag §-5n |
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Does the transducer draft correspond to the draft
entered on the ADCP discharge-measurement notes?
Have the proper offsets (if any) been entered? Is the
proper estimation scheme being used for the bottom and
the surface, and is the proper power-curve exponent
being used?

Transect Software Playback

When the configuration file has been verified, the
Transect software data files should be loaded and
replayed using the Transect software playback menu.
When the playback section is first entered, the software
looks for the last loaded configuration file (in
TRANSECT.PTR) for information about file locations.
The operator either can load a new configuration file or
load an individual data file by pressing the F3 key. The
operator can load a list of files from a deployment by
pressing the F8 key. During playback, the data should
be examined with a critical eye for the anomalies
discussed in the sections below. Common sense also
should be used when reviewing Transect software data
files.

Missing Ensembles

A velocity contour plot of the ADCP discharge
measurement should first be examined for missing
ensembles. Missing ensembles show as vertical black
lines in the contour plot, as shown in figure 8.1.
Figure 8.1 shows a transect containing missing
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Figure 8.1. Transect containing missing ensembles caused by a loss of bottom tracking.
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ensembles caused by a loss of bottom tracking. Note
that, in this case, the missing ensembles would contain
a significant amount of flow if they were present. The
discharge calculated from the transect described above
will be underestimated unless the missing data are
estimated.

The following procedure can be used (using one
of Transect’s hidden commands) to correct transects
containing bad bottom-track velocities:

«In the playback section of Transect, load the file
to be used in the normal way.

*Put playback into single-step mode by toggling
the F4 key, and rewind the file using the ALT W
command.

*Type F6 to open the ‘scale menu’ and enter
7 m/s (20 ft/s) for the water-speed (current
sticks) value. Type F10 to return to the main
menu.

*Hit the space bar to single step through the data.
Write down the ensemble number for any
ensemble that has anomalously long current
sticks, or high or bad speed indicated in the
bottom-track portion (near the right side of the
screen). After stepping through the entire file,
type ALT W to rewind the file. Let’s assume
ensemble 40 was bad.

«Set caps lock, scroll lock, and num lock on.

«Single step through the file to the ensemble
preceding the bad ensemble (39). Type
CTRL-END (simultaneously). A small window
will open in the upper left corner of the screen
with the message ENTER ACCESS CODE..
Type 3200 then ENTER (on a laptop computer,
the zero key may be remapped to another
location on the keyboard as a result of pressing
num lock). The bottom-track velocity now is
locked into its present value. Single step to the
next ensemble (40). The bottom-track velocity
should be the same as the preceding ensemble
(39). If the next ensemble (40) is good, open the
access code window again and type 3200 to
release the lock. If the next ensemble (41) is
bad, continue stepping through the file until the
ensemble preceding the last bad ensemble is
reached and then release the lock. The locking
procedure described above is then repeated until
all bad ensembles have been corrected and the
end of the file is reached. The total discharge
will then include estimates for missing
ensembles, based on extrapolated bottom-track
velocities.

*Edge estimates should be done in the usual way.

The method described above should be used with
caution. It only should be used to “fill in” one or two
missing ensembles, at most. When the method is used,
it should be so noted on the discharge-measurement log
sheet and the discharge measurement should be rated
accordingly. If most of the measurements collected
during a measurement session contain missing
ensembles, the discharges should be remeasured at a
more favorable cross section (usually with slower
velocities) or should be remeasured when conditions
become favorable.

Error Caused By Sediment Movement Near the
Bottom

Errors caused by bottom movement generally
show as negatively biased discharge measurements.
These errors are introduced into the discharge-
measurement cross product as apparent upstream boat
movement. Sometimes the quantity of sediment moving
near the bottom is enough to completely attenuate the
bottom echo, causing catastrophic loss of bottom track,
which shows as missing ensembles in the playback
data. Figure 8.1 shows a velocity contour plot with
missing ensembles caused by loss of bottom track.

When the ADCP is affected by bottom-sediment
movement but has not lost bottom track, one might
expect the resulting shiptrack plot to be curved in the
upstream direction, even though the vessel is moving
normal to the flow. In reality, the boat usually is pushed
downstream by the current and, therefore, the
information from the shiptrack plot can be misleading.

If bottom movement is suspected, the vessel
should be anchored near the highest flow area in the
cross section and data collected for at least 10 minutes.
Examination of the resulting shiptrack plot will reveal
the magnitude of the bottom-track error as a upstream-
going shiptrack. The length of the track, in meters,
multiplied by the elapsed time can be used to calculate
the speed of the apparent upstream boat movement.

Figure 8.2 shows a shiptrack plot taken with the
boat at anchor. The plot shows an apparent upstream
boat movement of 18.7 m (61.5 ft) and an elapsed time
of 612 s. This indicates an apparent velocity
measurement error of 0.03 m/s (0.10 ft/s). It would be
tempting to use this value to correct discharge
measurements, however, the bottom probably is moving
at different speeds in the cross section (slower near the
edges and faster near the center, for example). A
correction based on a single bottom-movement
measurement would be questionable. Again, ADCP
measurements sometimes can be made during
conditions of bottom-sediment movement by
substituting differential GPS-positioning inputs for
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ADCP bottom-tracking data. See the manufacturers’ (ALT U) switch invoked. The unmeasured discharge

web sites for_information_on using GPS systems for magnitudes near the top and bottom of the channel are
bottom tracking (www.rdinstruments.com) and summed with the measured discharge (circled area in
(www.sontek.com). fig. 8.3). If the magnitude of the discharge in these

unmeasured areas is greater than 30 percent of the
measured discharge, special attention must be paid to
the applicability of the power-curve estimation scheme

Figure 8.3 shows the ending edge estimate used. A deeper cross section should be located and
(ALT E) screen with the show unmeasured discharge used, if possible.

Large Magnitudes of the Unmeasured Layers
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Low-Velocity Measurements

Most of the errors seen during Transect software
playback are caused by too few ensembles being
collected for a given river velocity. Even seasoned
ADCP operators sometimes fall prey to this error. It
cannot be over emphasized that SLOWER river
traverses are BETTER when it comes to the measure-
ment of discharge in rivers having slow mean
velocities. Slow traverses allow more ensembles to be
collected, thereby reducing the amount of random error
in the discharge measurement. In general, the boat
should traverse the river at about the same velocity as
the water. In large, wide rivers, this often is not possible
(or feasible), and in such cases, equation 9.1 in
chapter 9 should be used to estimate the proper boat
velocity. The large standard deviation of ADCP-
measured (slow) velocities can be seen in the shiptrack
plot of figure 8.4.

The boat speed for the traverse (fig. 8.4) was
close to that of the water. Even though there was a large
single-ping standard deviation, the standard deviation
of the resulting group of discharge measurements was
small. If any single discharge measurement has a
coefficient of variation larger than 5 percent, the ADCP
and boat operator should be cautioned to decrease
vessel speeds during discharge measurements at the site
in question for similar or lower velocities.

ShipTrach

Chicogo River Heaa July 1993 Lol Bhors Deiuc
4 barwttawm pongs

Aoerm b 0 water,

Power-Curve-Fit Applicability

Figure 8.5 shows a discharge profile with
measured data, cross-product curve fit, and the resulting
discharge profile.

As can be seen from figure 8.5, the actual
measured profile differs significantly from the one-sixth
power-curve fit. In this profile, velocity near the surface
is less than the velocity in the middle of the profile (as
shown by the arrow). This may be caused by such things
as wind shear or a flow reversal near the surface. If
many or all of the measured profiles differ in this
manner, then the TOP estimation scheme should be
changed from POWER to CONSTANT in the
configuration file, and the data replayed. The circled
area indicates the profiled area where measurement bias
can occur because of incorrect top layer discharge
estimates. Generally, the bottom estimation scheme
should be left at POWER. The exception to this rule is
when significant numbers of profiles are bidirectional.
A bidirectional profile is one wherein the velocities are
stratified with the top-most velocities moving in a
different direction than the bottom-most velocities. In
cases of stratified flow, the estimation scheme should be
set to CONSTANT at the top and CONSTANT at the
bottom. This method will introduce some errors but the
errors will pnot be as great as those caused by setting
the estimation scheme to POWER.
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Figure 8.4. Transect shiptrack plot of acoustic Doppler current profiler-measured velocities on a slow-moving river.
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Edge Values edge distance estimates. The software then calculates
an estimated discharge for each edge and adds it to the
Figure 8.6 shows the Transect software playback  total discharge. Transect software version 2.80 (and

edge-value estimate screen, which is accessible by later versions) allows the operator to enter edge values
pressing ALT-E after Transect playback. Note! This while acquiring the discharge measurement. These edge
feature is available only during playback at this time. values are saved in the configuration file and can be
This menu allows the operator to insert start and end loaded during playback.
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Figure 8.5. Transect software discharge profile plot. ADCP, acoustic Doppler current profiler.
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Note that in figure 8.6, the start edge-discharge
estimate is negative, the main body of discharge is
positive, and the end edge discharge is positive. This
phenomena can be caused by two things:

*The start-edge discharge is moving in the
opposite direction from the main body of
discharge and the end-edge discharge [this can
occur because of eddies or momentum effects
(fig. 8.7)].

eInitial boat movement was toward the starting
shore rather than away from it.

The sign (+ or -) assigned to the cross-product
calculation is based on the boat course, in relation to the
flow direction. If the water is flowing uniformly in one
direction and the boat is traversing the flow uniformly
without changing course, the sign of the cross product
should remain constant. If the boat reverses course (or
the flow changes direction during the traverse), the sign
of the cross product will change. If this occurs at either
or both edges, the edge velocities will have a sign that
differs from that of the main flow body (fig. 8.6). In
recent versions of the Transect software (version 4.00
and later), corrections have been made to eliminate
incorrect signs (+ or =) near the riverbank edges,
however, the operator still should carefully examine the
edge-value water velocities.

Shiptrack

The operator should take care to start the
Transect software only after the boat begins the cross-

ShipTrack

Figure 8.7. Transect software shiptrack plot.

section traverse and to stop the Transect software before
making the course reversal at the end of the traverse.
During the discharge measurement, the ADCP operator
also should note any observed longitudinal-flow
reversals on the discharge-measurement log sheet.
Longitudinal-flow reversals can take place at high flow
(due to eddies) and near slack tide (due to momentum
effects). Longitudinal-flow reversals should be noted
during the review of shiptrack plots. Then the reviewer
should determine whether the reversal is actual or
caused by initial boat movement toward shore.

The shiptrack plot shown in figure 8.7 also
should be examined for discrepancies in the motion of
the discharge-measurement vessel. In general, a good
discharge measurement occurs when the measurement
vessel makes a smooth traverse from bank to bank. An
extreme example of irregularities in the shiptrack is
illustrated in figure 8.8. Examination of the velocity-
profile data in figure 8.9 does not reveal these
irregularities. If the shiptrack plot of this measurement
had not been examined, it may have been erroneously
labeled as a good measurement.

The shiptrack plot should be examined for
“hooks” (fig. 8.10) near the edges that indicate that the
F5 key was either pressed too early in the transect
(before the vessel had started its move toward the far
bank) or too late (after the boat operator has reversed
course at the end of the transect). Such “hooks” can be
edited out of the data using the F8 subsectioning menu
(fig. 8.11).
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Summary correctness and the edge-value estimates should be

checked.

Transects should be replayed as soon as possible . .
after being collected to check for possible errors in Discharge-measurement technique should be
acoustic Doppler current profiler (ADCP) setup and checked for correctness. In particular, the boat speed
discharge-measurement technique. Configuration files ~ should be slow enough to reduce the discharge-
should be examined to see if proper ADCP setup measurement standard deviation to a value under
parameters were used for the measurement. The power- 5 percent (of mean discharge). In tidally affected areas
curve estimation scheme should be checked for or large shallow, slow-moving rivers, equation 9.1
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(chap. 9) can be used to assess discharge-measurement
standard deviation.

If bottom movement is suspected, the boat
should be anchored in an area of the highest channel
flow and transects should be collected for at least
10 minutes. The resulting shiptrack plot should be
examined for apparent upstream boat movement.

If a few missing ensembles are discovered during
playback, they can be estimated using the technique

impl mocmpsnt Cmmd

described in this chapter. If there are many missing
ensembles present in the transect data, the discharges
should be remeasured at a different cross section or
when conditions become more favorable.

Magnitudes of the discharges in the unmeasured
layers should be examined and, if they comprise a
significant portion of the total discharge, the operator
should attempt to locate a deeper cross section for
future measurements.
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CHAPTER 9: DISCHARGE-MEASUREMENT ERROR

In this chapter we will discuss the major sources
of error in ADCP discharge measurements. We will first
review velocity-measurement uncertainty (chap. 1) and
then discuss random and systematic ADCP discharge-
measurement errors. A simple discharge-measurement
error model is presented to aid the operator in
premeasurement planning and error assessment.

A Review of Major Acoustic Doppler Current
Profiler Velocity-Measurement Limitations and
Uncertainties

A short review of ADCP velocity-measurement
uncertainty and measurement limitations will help in
understanding discharge-measurement errors. Detailed
explanations and examples of these uncertainties are
discussed in chapter 1.

Limitations

Range Limitations

The signal strength of an acoustic pulse
decreases logarithmically with distance from the
transducer face (range). As the signal strength and
signal-to-noise ratio decreases, the spectral width of the
returned signal increases. This increase in spectral
width with range causes an increased standard
deviation of the measured velocity with range. At some
range the return echo is unusable. This limiting range is
largely dependent on transducer frequency and, to a
much lesser extent, on transmit pulse length and beam
angle for any given ADCP. The usable range of an
ADCP also is affected by the number of scatterers in the
water column. Below is a conservative estimate of
ADCP maximum range for several transducer
frequencies (table 9.1).

Table 9.1. Approximate maximum depth range for 300-, 600-, and
1,200-kilohertz acoustic Doppler current profiler (ADCP) systems

[kHz, kilohertz; m, meter; ft, foot]

ADCP frequency Range
(kHz) (m)
(ft)
300 20 m (390 ft)
600 48 m (157 ft)
1,200 15.4 m (50.5 ft)

Side-Lobe Interference

When a parasitic side lobe strikes the bottom, the
returning echo drowns out the reception of the echo
from the main beam. In an ADCP with 20°-beam
angles, this loss of reception occurs at a point equal to
about 94 percent of the total depth. This area of side-
lobe interference near the bottom (equal to 6 percent of
total depth) can be calculated using equation 1.4. Using
this equation, the Transect program “throws out”
discharge data in the area of side-lobe interference and
then estimates the velocities near the bottom using
power-curve fits or other estimation techniques.
However, if the operator is collecting velocity profiles,
the velocities may not be flagged “bad” by the Transect
software. To determine the depth at which the side-lobe
interference will affect the data, the operator must
examine backscattered intensities. In a normal profile,
the backscattered intensities start at around 140 counts
(or higher) and “drop off” with depth. Velocity
measurements become questionable at the point where
intensities increase (or stop decreasing). Looking at
beam 1 in the tabular plot in figure 9.1, we see that the
intensities start at 145 and increase to 147 in the
following bin because of ringing (mechanical and
electronic resonance). This error in the top-most bin
occurs if the blanking distance is set too short (see the
next section on Blanking Distance). The intensities
decrease until about 123 counts where they “flatten”
and then begin to increase. The depth at which the
counts flatten and do not decrease is the depth at which
the velocities may become affected by side-lobe
interference. The area between the last good bin center
and the bottom must be estimated by some means to
obtain mean velocity in the vertical profile.

Unmeasured Velocity Due to Blanking Distance
and Transducer Draft

After transmitting the acoustic signal, the ADCP
transducers and electronics must “recuperate” briefly
before they can receive the incoming echoes. During
recuperation, the acoustic signal travels a short distance
(blanking distance). Acoustic reflections cannot be
received within the area between the transducer face
and the blanking distance.

The transducer assembly must be submerged
adequately so that it does not break the water surface
during pitch and roll events. The depth of the transducer
faces below water surface is called transducer draft.

To calculate the distance to the center of the first
bin, it is necessary to use the BB-SETUP software
module, available from RDI, as part of the Transect
software package. From the screen capture shown in
figure 9.2 it can be seen that if you are using a
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Depth Echo intensity [counts)
[ml Beanl Bean? Beand Beand
L 145 145 153 144
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e 143 142 191 1400
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Figure 9.1. Screen shot of Transect software showing tabular output.

1,200-kHz BB-ADCP with 0.25-m (0.82-foot) bins, a
blanking distance of 0.5 m (1.64 ft) and an ambiguity
velocity (WV) of 190 cm/s (6.2 ft/s), the center of bin 1
will be at arange of 0.85 m (0.28 ft) from the face of the
transducers. If the transducer draft is 0.25 m (0.82 ft),
the center of the first binis 0.85 + 0.25 = 1.10 m (3.6 ft)
below water surface. Water velocity in the area between
the water surface and the first bin center must be
estimated to calculate mean water velocity in the
vertical profile.

Random and Systematic Uncertainty

In chapter 1, we discussed ADCP velocity-
measurement uncertainty in detail. In the following
paragraphs we will touch on each of the major sources
of ADCP velocity-measurement uncertainty so that we
can more readily grasp the causes of discharge-
measurement error.

ADCP velocity-measurement uncertainty can
take two forms:

*Random uncertainty
«Systematic uncertainty (bias)

Random uncertainty can be reduced by data
averaging, but systematic uncertainty cannot. If the
magnitude of systematic uncertainty is known, it can
sometimes be corrected using adjustment factors or
coefficients.
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Random Uncertainty Due to Self Noise and Lag Distance

The most significant source of random
uncertainty in a BB-ADCP water-velocity
measurement is caused by self noise (freeway analogy
in chap. 1). The magnitude of this uncertainty is
affected by ADCP transducer frequency, transmit pulse
width, lag distance, and many other factors. This
uncertainty directly affects ADCP water-velocity
measurement precision. Techniques such as pseudo
random phase encoding, data averaging, and increasing
the lag distance are used to help reduce the effects of
this uncertainty. The magnitude of this uncertainty can
be predicted using the BB-SETUP program that is
shipped with the Transect software files. Figure 9.2
shows a screen shot of a typical 1,200-kHz broad-band
ADCP setup scenario.

In mode 1 operation, the operator can control the
lag distance by changing the value of the ambiguity
velocity (WV command). Notice that for an ambiguity
velocity of 190 cm/s the single-ping standard deviation
(an indicator of velocity-measurement random
uncertainty) is 14.08 cm/s (0.46 ft/s). If the operator
lowers the ambiguity velocity to 90 cm/s (2.95 ft/s) for
example, the single ping standard deviation drops to
10.3 cm/s (0.34 ft/s). There are practical upper and
lower limits to the ambiguity-velocity setting; setting
the ambiguity velocity too high will produce
unacceptable random uncertainty in the velocity
measurement and setting the ambiguity velocity too low
may introduce ambiguity uncertainty (chap. 1). In
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Figure 9.2. Screen shot of BB-SETUP software showing a typical setup for a 1,200-kilohertz broad-band acoustic Doppler current profiler.

mode 5 operation, the velocity-measurement
uncertainty is greatly reduced (by about a factor of 10)
because of the large lag spacing. However, because this
large lag spacing lowers the ambiguity velocity, mode 5
only can be used in conditions where the bottom and
water velocities are low [less than 50 cm/s (1.64 ft/s)],
relative to the ADCP.

Systematic Uncertainty Due to Velocity Ambiguity

If the operator is recording single-ping
ensembles, velocity-ambiguity uncertainties show as
“spikes” in the data that are the opposite sign of the
“true” velocity. The difference between the “true”
velocity and the erroneous velocity is twice the
magnitude of the ambiguity velocity (WV command in
mode 1). A detailed explanation of this uncertainty is in
chapter 1. For mode 1 operation, the operator can raise
the value of the ambiguity velocity to eliminate these
uncertainties, but the single-ping velocity-
measurement standard deviation will increase, causing
decreased measurement precision. The ambiguity-

velocity setting is a trade off and usually can be setto a
“safe” value using equation 3.1 in chapter 3. If the
ambiguity-velocity values are set to a high value
because of possible ambiguity uncertainties, the
operator may have to slow the boat during the cross-
section traverse to improve the discharge-measurement
standard deviation (discussed later in this chapter).

For mode 5 operation, the ambiguity velocity
(WZ command) is set automatically by the ADCP,
depending on water depth and depth-cell length. If,
during mode 5 operation, ambiguity uncertainties are
encountered, the operator either must switch
measurement modes or look for a cross section having
lower velocities and (or) current shear.

Systematic Uncertainty in Speed of Sound Due to Temperature

Speed-of-sound calculations that are not
corrected for temperature can cause velocity-
measurement errors and depth errors as great as
7 percent. Fortunately the Transect software uses data
from a thermistor in the transducer assembly to correct
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speed-of-sound calculations for temperature variations
in the water near the transducer. Under normal stream
conditions, this correction reduces speed-of-sound
errors to insignificant levels. Sometimes, however, the
water column becomes temperature stratified. Unlike
horizontal water-velocity errors, depth-measurement
errors can be introduced by temperature gradients in a
stratified water column. Figure 9.3 shows depth errors,
in percent, due to improper temperature compensation
for speed of sound. Fortunately temperature gradients
must be extremely high (10°C or more) to cause a
significant error in a BB-ADCP depth measurement.
Gradients of this magnitude sometimes can occur
during the summer in slow-moving water.

Speed-of-sound errors also can be caused by a
faulty thermistor in the transducer assembly. An error in
temperature causes an erroneous calculation of water
density, which results in a speed-of-sound uncertainty.

Systematic Uncertainty in Speed of Sound Due to Salinity

The speed-of-sound equation in the Transect
program (R.D. Instruments, Inc., 1995) depends on a
user-supplied salinity value to calculate speed-of-sound
corrections (as discussed in the velocity-measurement
error section in the first part of this chapter). This value
is specified in the Transect software configuration file.
If the operator has entered an incorrect value or has
forgotten to enter the proper value, depths (as well as
velocities) are calculated incorrectly. Depth errors as
high as 3 percent can be caused by speed-of-sound
calculations that are not corrected for salinity (fig. 9.4).
Fortunately “ball park” salinity values usually will
reduce this error to less than 1 percent.

Velocity errors due to salinity-caused speed-of-
sound variations can be at least as serious, therefore,
many boat operators carry a salinimeter (or
conductivity meter) with them to the discharge-
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Figure 9.3. Depth error due to speed of sound thatis uncorrected
for temperature.

measurement site. Salinity can be calculated and
entered into the configuration file prior to the discharge
measurement, however, a better approach is to enter
zero salinity into the configuration file (ES0). The
correct salinity can be plugged into the configuration
file during playback. An incorrectly entered salinity
using the ES direct command can be very hard to
correct after the fact.

Systematic Uncertainty Due to Incorrect Beam Geometry

The largest source of systematic uncertainty in an
ADCP is caused by uncorrected errors in the
measurement of the beam-pointing angles. These
uncertainties usually are in older BB-ADCP units that
were sold before the manufacturer instituted stringent
quality-control procedures. Late model BB-ADCPs and
Workhorse Rio Grandes have transducer assemblies
that meet more exacting beam-angle tolerance
requirements. Each ADCP is tested on a distance course
and corrections are saved in the ADCP firmware for any
measured beam-angle discrepancies. Older ADCPs can
be upgraded by the manufacturer and then tested in a
lake to identify and correct beam-angle uncertainties.

Minimizing Uncertainty in Velocity Profiles

Many scientific studies require accurate water-
velocity profile measurements and discharge
measurements. Many of the velocity-measurement
errors described above can be minimized or eliminated
by using the following commaon sense rules:

«Use the proper water mode for the job. If the
velocities are dynamically changing, or the
vessel is affected by pitch and roll, use water
mode 1. In shallow water that is placidly
moving, mode 5 may be used. In shallow, fast-
moving water, mode 8 may be used.

DEPTH ERROR IM PERCENT
L]

0 10 20 a0 40
SALINITY IN PARTS PER THOUSAND

Figure 9.4. Depth error due to speed of sound that is uncorrected
for salinity.
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«Collect enough data at the profile location to
ensure that the measured water-velocity
standard deviation is within usable limits (after
the data are averaged).

«|f the unmeasured bottom and top velocities are
to be estimated, ensure that the measured
portion of the profile (after averaging) is
congruent with the estimation scheme used. For
example, if the measured part of the profile is
bidirectional, a one-sixth power-curve
estimation scheme is improper.

Errors Affecting the Accuracy of Discharge
Measurements

If heavy sediment loads are not present and a
moving river bed problem does not exist, errors in
ADCP discharge measurements usually are caused by
improper river traverse rates or erratic movements of
the discharge-measurement vessel. These random
errors usually cause imprecision in the discharge
measurement (scatter). Reducing the traverse rate and
eliminating erratic vessel movements can reduce
random error.

The next most common error types are depth
errors caused by incorrect transducer draft, depth errors
due to speed-of-sound variations, and cross-product
errors due to improper application of the power-curve
fitting scheme. These sources of error are biases that
cannot be improved by slowing the traverse rate or
averaging the data (see bias error section later in this
chapter). Random errors in discharge measurements
made with the BB-ADCP system roughly can be
predicted if the following values are known:

*ADCP water-velocity measurement precision

*ADCP bottom-track velocity measurement

precision

*The standard deviation of naturally occurring

water-velocity pulsations (at the ADCP-

measurement time scale)

*Approximate average cross-sectional water

depth

*Approximate average water speed

*BB-ADCP bin size

*BB-ADCP ping rate

Table 9.2 gives the approximate depth-averaged,
water-velocity standard deviation for 1,200-, 600-, and
300-kHz BB-ADCPs with 20° beam angles using
mode 1 operation with an ambiguity velocity of
190 cm/s (6.23 ft/s).

Mode 5 bottom-track standard deviation is much
less than the water-velocity standard deviation for all
ADCP frequencies [0.2-0.3 cm/s (0.006—-0.009 ft/s)].

Table 9.2. Approximate depth-averaged single-ping precision for
1,200-, 600-, and 300-kilohertz broad-band acoustic Doppler current
profiler-measured water velocities using mode 1 operation,

20° beams, and WV190

[kHz, kilohertz; m, meter; ft, foot; cm/s, centimeter per second; ft/s, foot
per second]

Frequency Depth Average standard deviation
(kHz) cell size for depth range
1,200 0.25m 14.1 cm/s (0.46 ft/s)
(0.8 ft)
600 .50 m 14.1 cm/s (.46 ft/s)
(1.64 ft)
300 14.1 cm/s (.46 ft/s)

Simplified Random-Error Model

The precision of a discharge measurement may
be computed using the following algorithm in
equation 9.1:

2 2

X, X
) J[(looﬁ) +<100V—:> +0§+0§}
! JO.75N,N,

where

o, = standard deviation of discharge
measurement, in percent;

Vv, = estimated approximate mean stream
velocity, in centimeters per second;

X, = BB-ADCP water-velocity precision, in
centimeters per second (table 9.2.);

X, = BB-ADCP bottom-track precision, in
centimeters per second (table 9.2.);

o, = estimated standard deviation of natural
pulsations, in percent of mean velocity; a
value of usually 8-12 percent (at the time
interval used for an ensemble by the
BB-ADCP);

o, = depth error due to round off and resolution
limitations;

N, = average number of bins in the vertical; and
N, =total number of subsection measurements.

(9.1)

Equation 9.1 is derived using the following
assumptions:

A 15-percent bin-to-bin correlation

A 0-percent subsection-to-subsection
correlation

A smooth rectangular channel
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The 0.75 constant in equation 9.1 is a rough
approximation of the Markov model output when there
is a sample (bin-to-bin) correlation of 15 percent
(Matalas and Langbein, 1962). Matalas and Langbein
(1962) present an equation for the calculation of
effective N for any correlation coefficient, and this
equation should be used in error models that are
developed for the estimation or prediction of
BB-ADCP (or narrow-band ADCP system) discharge-
measurement error.

Depth error due to BB-ADCP round off and
resolution limitations (o, ) is estimated by the
manufacturer to be 4 percent of the measured vertical
depth range on an individual beam (Joel Gast, R.D.
Instruments, Inc., oral commun., 1997). Because four
beams are averaged for the depth measurement, the

error becomes 4 - 2 percent for each ping averaged
. . A4
during the discharge measurement.

Figure 9.3 shows graphs of mode 1, 1,200-kHz,
error model output for a 61-m- (200-foot-) wide river,
with boat speeds of about 0.3 and 0.9 m/s (1.0 and
3.0 ft/s). Figure 9.3 reveals that a boat operator
traversing a 61-m- (200-foot-) wide, 4.6-m- (15-foot-)
deep river could use a boat speed of about 0.3 m/s
(1 ft/s) for the measurement of all mean river velocities
above 0.15 m/s (0.5 ft/s). Figure 9.5 also shows that
discharge-measurement error increases with the boat
speed. This increase occurs because the BB-ADCP is
collecting fewer pings during the cross-section
traverse, with a resultant increase in random error
(because fewer data are averaged). The boat operator
must remember that the precision of a discharge
measurement can change dramatically with changes in
the total number of pings and the total number of bins
sampled during the traverse. The total number of depth
bins depends on the water depth. Figure 9.6 shows the
same scenario as in figure 9.5, but with an average
cross-section depth of 9 m (30 ft) rather than 4.3 m
(15 ft). Note that the discharge-measurement error
decreases to magnitudes similar to those shown in
figure 9.5. This decrease occurs because there are twice
as many bins averaged in the vertical profile.

Although equation 9.1 can be programmed into a
spreadsheet and used to predict discharge-
measurement uncertainty, a small executable software
application (QERROR) has been developed (for
mode 1 use) that is more easily used in the field.
Figures 9.7-9.9 show screen shots from the QERROR
application. Figure 9.7 shows the input screen. The
measurement units are in mixed systems on the input
screen for two reasons:

*USGS field office personnel are more adept at
estimating widths and depths in the standard-
measurement system.
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Figure 9.5. Discharge error using a boat speed of about 0.3 meter
per second (1 foot per second) and about 0.9 meter per second
(3 feet per second).
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Figure 9.6. Discharge error using a boat speed of about 0.9 meter
per second (3 feet per second) in 9 meters (30 feet) of depth.

116 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler



Channel Width [Ft.)
1]

Average Depth [Ft.)
|]|:|

Estimated Yelocity (Ft./s)

! BB-ADLP error estimator - Mode 1 operation

CHANNEL PROPERTIES

=10| x|

ADCP
Transducer Draft {cm)
an

Blanking Distance [cm)
EEI
Bin size (cm)
5

WA Command [cmis)
190

ADCP frequency
* 1200 kHz

" GO0 kHz

r 300 kHz

ADCP beam angle
20 degrees

30 degrees

Figure 9.7. QERROR setup screen. ADCP, acoustic Doppler current profiler.

*ADCP input parameters always are requested in
SIS units.

Figure 9.8 is the output screen from the
QERROR application and it illustrates the importance
of slow-vessel traverse rates when measuring rivers
with slow mean velocities. Note that the error is
reasonable when the boat is moving at speeds less than,
or equal to, the water velocity. A good rule of thumb is
to traverse the river at about the same speed as the mean
water velocity. However, this rule becomes
inapplicable when measuring wide, deep rivers, with
slow water velocities. The operator would not be able to
complete such a measurement within a reasonable time
frame. In cases of wide, deep rivers, the operator can
use equation 9.1 or the QERROR application to
estimate discharge-measurement error based on boat
speed, average water depth, and estimated mean water
velocity.

Figure 9.9 shows the same measurement
scenario as used for figure 9.8 with a mean river
velocity of 0.15 m/s (0.5 ft/s). Notice that boat speeds

as high as 0.6 m/s (2 ft/s) could be used for accurate
measurement of the above described river, partly
because the river (figs. 9.6 and 9.7) is 9 m (30 ft) deep.
If the river depth were shallow [3 m (10 ft) or less], the
boat would have to be slowed to the mean water
velocity to maintain a reasonable precision (a CV of
less than 5 percent) (fig. 9.10).

Examination of fig. 9.6 reveals that the length of
time required for the river traverse increases
exponentially as mean river velocities approach 0. The
requirement for this extended averaging period begins
to defeat the purpose of the BB-ADCP measurement
system at very shallow depths and low velocities. Water
mode 5 should be used, if possible, in these cases
because it will reduce the above described discharge-
measurement errors by almost an order of magnitude,
however, its use is limited to rivers having little shear or
turbulence. For 600-kHz BB-ADCPs, water mode 8 can
be useful in shallow water if the vessel is slowed to
reduce the higher random error of mode 8 operation.
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Figure 9.8. Discharge error with a mean water velocity of about 0.3 meter per second (1.0 foot per second). ADCP, acoustic Doppler current

profiler.

Bias Error

Discharge-measurement random error can be
reduced by data averaging (slowing the vessel speed for
the measurement transect), as discussed above. Bias
(systematic) errors cannot be reduced by data
averaging.

Bias error can be separated into two classes:
instrument error and operator error. Instrument error is
due to physical, electrical, or acoustical limitations of
the BB-ADCP instrument (or defects in the BB-ADCP
hardware and firmware). Operator error is caused by
improper BB-ADCP installation, setup, and, in some
cases, application.

Instrument-Caused Bias Error

There are many sources of instrument bias error.
Some are more significant than others. This report will
not attempt a discussion of ADCP systematic error
sources related to the physics of the acoustic signal
(other than beam-pointing angles and depth
measurements) because many of these sources are not
yet documented and are beyond the scope of this report.

The manufacturer is aware of many of these types of
errors and reports that the two most important of these
are water-velocity measurement errors, due to selective
absorption (nonuniform signal absorption in the water
mass over the transmitted signal spectrum), and
bottom-track errors due to terrain effect (the leading
edge of the acoustic beam is far20ther away from the
transducer than is the trailing edge when it impinges the
channel bottom). These and other errors are thought by
the manufacturer to be small and insignificant for most
applications (Joel Gast, R.D. Instruments, Inc., oral
commun., 1992). The following paragraphs will discuss
or revisit instrument errors that significantly can affect
the accuracy of an ADCP discharge measurement.
These errors are as follows:

*Beam-angle errors.
*Depth-measurement errors.

*Speed-of-sound errors due to temperature and
salinity.

«Bias errors caused by improperly estimating the
unmeasured portions of the cross section.

*Operator-caused bias errors.
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Figure 9.9. Discharge error in deep water [9 meters (30 feet)] with a mean river velocity of about 0.15 meter per second (0.5 foot per second).

ADCP, acoustic Doppler current profiler.

Beam-Angle Errors

Errors in the beam-pointing angles (discussed in
the velocity-error section) have an equivalent affect on
the accuracy of discharge measurements.

Depth-Measurement Errors

The Transect software uses depth measured from
the four acoustic beams to calculate mean depth for
each discharge-measurement subsection. These depth-
measurement errors can come from two sources:

*Depth sampling errors due to limitations of the
acoustic beams and bin sizes.

*Depth errors due to improper estimation of
speed of sound.

Figure 9.11 shows an exaggerated instance of
depth error due to limitations of the acoustic beams. If
only a few depth measurements were taken, per cross-
section traverse, this type of error would be significant.
However, the averaged depth is calculated using all four
beam depths for each ensemble and, if the ensembles
are kept short enough, the mound (fig. 9.8) will be
integrated into the total cross-section averaged depth. A

typical BB-ADCP discharge measurement collects
many more depth measurements during the cross-
section traverse than are collected using conventional
methods.

Near the bank edges, the BB-ADCP beams
oriented toward shore will show shallow depths,
whereas the beams oriented toward the channel will
show greater depths. An average of all four beams will
approximate the vertical depth from the center of the
BB-ADCP transducer assembly to the bottom. In pitch
and roll conditions, averaged depth measurements from
all four acoustic beams will be more accurate than
depths measured by a single, vertically placed, depth
sounder because of the large beam “footprint” or
pattern.

Speed-of-Sound Errors Due to Temperature and Salinity Gradients

Speed-of-sound errors (discussed in the ADCP
Velocity-Measurement Limitations and Uncertainties
section of this chapter) affect the accuracy of discharge
measurements in the same way that they affect the
accuracy of velocity measurements. These uncertainties
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Figure 9.10. Discharge error in shallow water [3 meters (10 feet)] with a mean river velocity of about 0.15 meter per second (0.5 foot per

second). ADCP, acoustic Doppler current profiler.

are subtle and hard to spot in the collected data. Close
attention to detail is required by the ADCP operator to
eliminate speed-of-sound uncertainties.

Bias Error Due to Incorrect Estimation of Unmeasured Velocities
Near the Water Surface and Channel Bottom

Errors of this type are called extrapolation errors.
An example of a nonstandard velocity profile is shown
in chapter 8 to illustrate this error. The extrapolation
scheme used to estimate cross products near the water
surface and channel bed assumes a “Manning-like”
velocity profile. The unmeasured area near the bottom
usually is not a problem because the velocity must go
to zero at some point close to the bed. However, the
unmeasured area near the water surface is problematic,
particularly in wind-affected cross sections and in
estuaries. Wind effects can cause nonstandard profiles
that are significantly biased (near the water surface). In
these cases, the POWER estimation scheme (used in
the Transect program) can be changed to CONSTANT.

In the estuaries and other backwater-affected
sites, gravitational circulation sometimes can cause

nonstandard profiles as well as bidirectional flow.
Examination of the Transect program playback files can
sometimes reveal nonstandard profiles and can provide
the basis for a revised power-fit coefficient (chap. 8). In
cases of bidirectional flow, the estimation scheme
should be changed to CONSTANT on the bottom and
CONSTANT at the surface because a power function
extrapolation mathematically cannot cross zero. In
bidirectional flows, the velocities may be positive
(flowing downstream) in the upper portion of the water
column and be negative (flowing upstream) in the lower
portion of the water column.

Fortunately, extrapolation errors can be corrected
during data playback. The raw recorded data are not
affected by changing the extrapolation scheme, and the
operator and office analyst can use trial-and-error
techniques to reduce bias error that is due to incorrect
estimation of unmeasured cross products.

Operator-Caused Bias Error

Operators can introduce a number of bias errors
affecting a discharge measurement. Many of these
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Figure 9.11. Exaggerated instance of depth error due to limitations of the acoustic heams.

errors have been covered in previous chapters, but are
summarized here.

Incorrect Transducer Draft

This error probably is the most common
operator-caused bias error. Missetting the transducer
draft can cause significant discharge-measurement
errors, particularly in wide, shallow channels.

Improper Broad-Band Acoustic Doppler Current Profiler Mounting

If the BB-ADCP is mounted to the side of the
boat keel and in the boat wake, entrained air can cause
occlusion of one or more BB-ADCP beams. A
BB-ADCP that is mounted too high near the boat hull
can suffer from the “good side/bad side” effect. The
“good side/bad side” effect manifests itself in a series
of discharge measurements that seem to be
directionally biased. For example, discharges measured
from right to left bank seem to be significantly different
from discharges measured from left to right bank.
Victor Levesque (U.S. Geological Survey, oral
commun., 1996) has quantified this error and has

associated it with the venturi effect of the boat hull on
flowing water: water passing under the boat hull is
slowed on the streamward side of the boat, and
accelerated on the downstream side of the boat. This
effect causes bias in the uppermost bins. Averaging
even numbers of transects can help reduce this error.

Incorrect Edge-Distance Estimates

Distances to the riverbank are almost always
underestimated unless the operator is very close to the
riverbank when the distance is estimated. This
underestimation can cause a significant bias error, if
undetected.

Incorrect Estimated Edge Shapes

In narrow channels, significant bias errors can
result from incorrectly characterizing the near-bank
geometry. Rectangular-shaped edge-discharge areas
can contain significant amounts of unmeasured
discharge if the triangular edge algorithm is used for
edge-discharge estimation.
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Bottom Movement

As a general rule of thumb, all discharge
measurement series taken where velocities are greater
than 1 ft/s or where bottom movement is suspected
should be followed or preceded by a bottom movement
check (chap. 8).

Configuration-File Error

Every BB-ADCP operator undoubtedly has
collected transects with the wrong configuration file or
has inserted incorrect direct commands in the
configuration file (at least once). Attention to detail will
help eliminate this error.

Poor Choice of Cross Sections

Because the BB-ADCP is such a versatile
instrument, it is easy to measure discharge in a cross
section that normally would be rejected for use with
conventional methods. “Pan-handle”-shaped cross
sections with deep channels near one side of the river
are examples of poor cross sections. The beam “foot-
print” (with accompanying side lobes) becomes larger
as depths increase. Discharge in a submerged canyon
may be unmeasurable because the beams and side lobes
impinge the canyon walls. Proper reconnaissance and
experience will help in choosing a cross section that
eliminates bias problems due to this effect.

Common Sense Rules

By following the common sense rules listed
below, errors in discharge measurements can be
reduced or eliminated:

*Be a smooth operator! The BB-ADCP
discharge-measurement system will give more
consistent results if rapid movements and course
changes are kept to a minimum. Smooth boat
motion is more important than a straight-line
course

*Be observant! Are the edge flows moving in the
same direction as the main body of flow? Did

the wind come up? Did a motorboat pass the
bow of the measurement vessel during the
transect? This information may be needed
during playback to properly evaluate the
discharge measurement

«|s the discharge-measurement vessel moving
slowly enough? The more pings collected during
a discharge measurement, the more precise the
measurement

<Examine discharge data on site, if possible.
Problems with improper setup may not appear
until the measurements are replayed

«Don’t trust an “eyeball” edge estimate. Most
people tend to underestimate the distance to
shore unless the vessel is very close to shore
when the estimation is attempted

*Don't be afraid to ask for help! Experienced
BB-ADCP operators carry a cellular phone, a
long list of phone numbers, and are not afraid to
ask, “What gives here?” Only novice operators
are too proud to ask for help.

Summary

If high sediment loads are not present, errors in
acoustic Doppler current profiler (ADCP) discharge
measurements usually are caused by traversing the river
too fast during the discharge measurement. As a rule,
the vessel should traverse the river at the approximate
speed of the mean water velocity to obtain consistently
precise discharge measurements. When measuring
wide, deep rivers or estuaries, the operator should use
equation 9.1 to estimate correct vessel traverse rates, if
possible. If the operator checks the standard deviation
of the discharge measurements at the measurement site
he or she can easily determine if the discharge
measurements have too much scatter (5 percent or
greater). If such is the case, the boat traverse rate can be
slowed and the measurements can be redone. Most bias
errors can be eliminated with proper attention to detail.
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